High level ab initio calculations have been undertaken of potential energy curves of CO 2+ (and for the CO neutral ground state). The accuracy of the potentials was tested by a synthesis of the available vibrationally resolved threshold photoelectrons in coincidence (TPEsCO) and time of flight, photo electron photo electron coincidence (TOF-PEPECO) spectra of CO 2+ . Good agreement was found between experimental and theoretical spectra once relative energies of the calculated double ionization energies were slightly adjusted (by approximately 1%) to match experiment. Vibrational separations within individual electronic states are very well reproduced (the worst error is 0.07%).
Introduction
Hydrogen is the most abundant molecule in the universe and CO is the second most abundant. Indeed, for the most part estimates of the H 2 content of molecular clouds and galaxies have relied upon determining the abundance of CO (which has electric dipole allowed rotational transitions), and then inferring an H 2 content on the basis of presumed CO/H 2 ratios [1] . The first ion of CO, CO + (also written as CO II ), occurs in planetary atmospheres, stellar atmospheres, comet tails and in interstellar space [2] . The molecular dication of CO, CO 2+ (or CO III ), is very likely to be present in detectable quantities in some regions of the interstellar medium [3] , and it is therefore of great interest to determine as many of its spectroscopic and structural properties as possible with a view to guiding future high resolution and astronomical measurements. In this work we have calculated ab initio potential energy curves for the lowest electronic states of CO 2+ at the highest level of theory that is currently achievable, and we compare the theoretical results with the best experimental data that are available to determine their accuracy.
Molecular dications are most easily formed by the double ionization of neutral molecules and are present in some concentration wherever such double ionization processes are possible. However, as for all charged molecules, molecular dications are highly chemically reactive due to long-range interactions (charge/induced-dipole or charge/dipole attraction) with neutral species. For such charged species to be long lived, an environment is therefore required where collision frequencies are low. In addition to the high chemical reactivity, most small molecular dications are also intrinsically thermodynamically unstable. Most electronic states of diatomic molecular dications are purely repulsive due to Coulomb repulsion, but for some states chemical bonding is sufficient to overcome the Coulomb repulsion and create potential wells. Whether such potential wells are thermodynamically stable or not depends upon the ionization potentials for the two atoms concerned [4] . Thermodynamically stable molecular dications were recently reviewed by Schroder and Schwarz [5] .
For a generic diatomic dication, AB 2+ , the identities of the dissociation products are determined by the relative magnitudes of the atomic ionization energies. Provided that the sum of the first two ionization energies of one atom (I 1 (A) + I 2 (A)) is greater than the sum of the first ionization energies of the two different atoms (I 1 (A) + I 1 (B)), then the molecule will dissociate to give two charged fragments; this is the case for most light molecular dications. Most electronic states of diatomic dications are therefore purely repulsive due to Coulomb repulsion. However, in some cases chemical bonding interactions are sufficient to overcome the Coulomb repulsion, leading to unusual single-or double-well 'barrier' potential energy curves, examples of which are shown in figure 1. These potentials, each of which has a minimum in an otherwise repulsive potential, have been called 'volcanic potential energy curves' a term first used to describe similarly shaped potentials arising in alpha-particle decay (see, e.g., [6] ). The shapes of the potential energy curves of figure 1 suggest that the barrier may result from an avoided crossing [7] , and this appears to be the case for at least the hydrogen halide dications, where analysis of electron densities shows that at short range the molecule may best be considered as H + X 2+ , while at long range it becomes H + + X + (see, e.g., [8] ). In contrast, sophisticated calculations for N 2 2+ and other molecules show that they are usually better thought of as resulting from competition between Coulomb and valence forces [9] , as described above.
Each bound potential well has a deep minimum and a high barrier inhibiting dissociation into the charged fragments, and each supports several vibrational levels, all of which are metastable since they lie above the associated dissociation limit. The lower levels can be extremely long lived [17] , while the upper levels may dissociate within picoseconds [10] . If population is transferred to such levels, the resulting 'Coulomb explosion' releases considerable kinetic energy (several eV per molecule), which has led to molecular dications being proposed as a source of propulsion [6] .
The molecular dication CO

2+
For CO 2+ most of the lower electronic states have minima which are capable of supporting vibrational and rotational levels. The levels that are trapped behind the barrier would classically be considered stable, but these levels actually lie in a continuum and can therefore predissociate. All such vibration-rotation states are quasibound and dissociate on timescales which are determined both by the tunnelling rate through the potential barriers, and also by the strength of other predissociation processes such as spin-orbit mediated predissociation (see, e.g., [8] ).
There are over forty published papers on the theory, spectroscopy, structure and dynamics of CO 2+ [11] and it is not our purpose to provide an exhaustive review here. Experiments on CO 2+ up until 1984 were comprehensively reviewed by Wetmore et al [12] , and experiments up to 1989 were reviewed by Larsson et al [13] . We now briefly review some of the measurements of lifetimes and spectra of CO 2+ that have been made.
Lifetimes
The molecular dication CO 2+ has been of considerable importance in our understanding of the dynamics of dication decay. The spontaneous predissociation of CO 2+ to C + and O + on a microsecond timescale was first observed in a mass spectrometer in 1932 [14] . Direct measurement of lifetimes of individual vibrational levels in CO 2+ has been achieved by two methods. The first measurement relied upon double photoionization using synchrotron radiation. The vibrational levels were determined using pairs of threshold electrons, and the resulting ions characterized by their time of flight. In this manner lifetimes of several states of CO 2+ were measured and found to have magnitudes of the order of microseconds [15] . The second measurement of vibrational lifetimes used three-dimensional fragment imaging [16] and enabled the simultaneous measurement of kinetic energy release upon dissociation and the lifetime of a given state. Using this technique, lifetimes of two vibrational levels of CO 2+ were measured as 670 ± 150 ns and 26 ± 5 ns for states with kinetic energy releases of 5.713 eV (assigned as 1 , v = 0)) and 5.841 eV (assigned as 1 + , v = 0 or 1) respectively. The lifetimes of CO 2+ levels have also been measured directly in an ion storage ring, providing the first direct evidence that a doubly charged molecule could be stable on a timescale of seconds [17] .
Despite these vibrationally resolved studies of lifetimes, the dynamics of the predissociation of CO 2+ have not yet been fully determined and must await further observations such as high resolution spectra where rotationally resolved lifetimes can be obtained directly from predissociation linewidths [4] . In this work, we calculated lifetimes due to tunnelling predissociation alone (see below).
Vibrationally resolved spectra
The first coincidence technique to yield vibrationally resolved spectra of molecular dications was the threshold photoelectrons in coincidence (TPEsCO) technique, of King and co-workers [18] . The TPEsCO technique exploits the fact that near zero kinetic energy electrons can be selectively detected with a resolution ≈10 meV (81 cm −1 ), and has been used to great effect to measure vibrationally resolved spectra of many molecular dications, including CO 2+ (the spectrum of which is reproduced in this paper) and most recently HI 2+ [19] . The recently developed time-of-flight photoelectron-photoelectron coincidence (TOF-PEPECO) technique uses a pulsed lamp and long magnetic bottle to acquire complete two-electron spectra; it has been applied to many small molecules including CO [36] .
Vibrationally resolved spectra of CO 2+ have also measured by Lundqvist et al at Uppsala University [20] . Their instrument produced CO 2+ by pulsed electron impact on neutral CO gas. Fragment ions due to predissociation of the molecular dications were collected in coincidence at opposite ends of two 50 cm long flight tubes and detected using microchannel plates. By measuring the energies of both fragments, the centre-of-mass kinetic energy was eliminated by a simple calculation (done in real time for each pair of fragments), resulting in a Doppler-free spectrum with vibrational resolution. A vibrationally resolved spectrum of CO 2+ has also been obtained using double charge transfer spectroscopy by Furuhashi et al [21] . The principal difference between the techniques of Lundquist et al [20] and Furuhashi et al [21] is that Lundquist's spectrum shows dissociative states of both multiplicities, whereas Furuhashi's shows singlets only, whether they are dissociative or not.
Rotationally resolved electronic spectroscopy
There have been reports of possible rotationally resolved fluorescence of CO 2+ at 546.3 nm [22] . However in a more recent paper [23] (v = 1) (using R6G laser dye) were sought but not found. Following their work on N 2 2+ [26, 27] and NO 2+ [28, 29] also using an ion-beam/laser-beam experiment, Professor M Larsson and his co-workers also performed an unsuccessful search for an ion-beam spectrum of CO 2+ , again attempting to pump from the X 3 state to the A 3 + state [30] . 
Theoretical potentials
Potential energy curves for molecular dications are notoriously difficult to calculate to spectroscopic accuracy. For CO 2+ the first comprehensive set of potentials were calculated by Wetmore et al [12] , but although these calculations represented the state of the art in 1984, by present standards they are of relatively low quality. Prior to the present work, the most accurate potentials available were those of Larsson and his co-workers [13, 17] . Our potentials were calculated with a larger basis set than Larsson's and included a full valence MRCI treatment.
A full tabulation of the calculated potentials (including that for the CO neutral ground electronic state) is given in tables 1-5; the number of digits given yields smooth potentials for interpolation, and is not intended to indicate the absolute accuracy of the calculation. Figure 1 shows the short bond length part of the resulting calculated potentials. The absolute accuracy of the calculation can best be found by the comparison with experiment that we give below. 
CI calculations of the potential energy functions
The electronic structure computations were performed with state-averaged full valence complete active space self-consistent field (CASSCF) [31] and internally contracted multireference configuration interaction (MRCI) approaches [32] . For mapping the CASSCF potential energy functions (PEFs), an spdf cc-pV5Z basis set [33] was used for C and O, which resulted in 160 contracted Gaussian functions. The X . This procedure is necessary to calculate transition moment functions between states belonging to different symmetries. All CSFs from the CASSCF approach were taken as reference in the MRCI calculations in which all valence electrons were correlated. In the MRCI calculations each symmetry species was calculated separately. The electronic structure computations were done with the Molpro program suite [34] .
Calculations were made for seven electronic states: the three lowest triplets X 3 , A states. This problem has also been noted by others; see for example [13] .
Calculations of tunnelling linewidths (lifetimes)
In this work we calculated the tunnelling widths of vibrational levels supported by each potential; we report the calculated widths for all states except the c 1 and d 1 + states. Each potential was extrapolated to long bond length using an assumed C 1 /R functional form, together with an asymptotic dissociation energy. The asymptotic dissociation energies were calculated from the last calculated point of each potential, at longest bond length, by assuming that this was a pure Coulomb energy between two point charges. In fact, providing that the asymptotic energy is below the potential minimum, the calculations of tunnelling width are very insensitive to the energy asymptote used, or to the functional form of the extrapolation providing it approaches the asymptote smoothly from above. However, even using this approach, insufficient long bond length information was calculated to enable an accurate asymptotic extrapolation of the c 1 and d 1 + potentials, and so no tunnelling predissociation linewidths are reported for these states. However, this extrapolation was used for the forward calculation of the spectra reported below, including the c 1 and d 1 + states. Fortunately the experimental spectral linewidths are determined (for the classically bound states) not by the natural widths of the levels involved, but by the energy resolution of the experiments which is typically around 100 meV. Note too that ambiguity regarding details of this extrapolation will have no significant effect on the broad high energy c-state 'reflection' spectrum discussed below.
Those tunnelling widths that were calculated, presented in table 6, represent lower limits to the real widths (equivalently, an upper limit to real lifetimes) that will also be affected by spin-orbit mediated predissociation. We reserve for future work a full calculation of lifetimes based on the potentials presented here, together with couplings between them, and the effect of lifetimes on possible measurements of high resolution spectra and possible observations of CO 2+ in the interstellar medium [35] . 
Simulated spectra and TPEsCO measurements
In order to determine the accuracy of our potentials, we now compare them with the best available experimental data for CO 2+ , the previously published vibrationally resolved TPEsCO [48, 49] and TOF-PEPECO [36] measurements. Although the TPEsCO measurements are vibrationally resolved, the observed vibrational progressions are short. In these circumstances it is best to examine the accuracy of calculations by performing a direct forward calculation, that is a simulation of the spectra, rather than reducing the spectra to a set of constants and then calculating the values of the constants. Some of us have previously used this approach elsewhere to simulate TPEsCO spectra of HCl 2+ [38] , DCl 2+ [41] , NO 2+ [37] and HI 2+ [19] . Spectroscopic constants determined from our ab initio potentials are listed in table 7.
Forward calculations of spectra
Our calculations considered all electronic states of CO 2+ lying within the energy window of the available experimental data. Since ionization is not believed to cause rotational excitation, the rotational population distribution was assumed to be the Boltzmann distribution for the CO neutral precursor at the ambient temperature of the experiments. We considered rotational states up to J = 13, which included at least 99% of the population of the neutral CO. This approach can give only relative intensities of vibrational progressions within a given electronic transition, and takes no account at all of the transition dipole. We allow for the transition dipole empirically, by scaling the calculated electronic bands to match the observed intensities.
In order to simulate spectra from the calculated potentials, we calculated frequencies and Franck-Condon factors for photo double ionization from the neutral ground state of CO in a 'Q-branch' approximation (see [38] and references therein) using the two programs BCONT 7 [39] and LEVEL 7 [40] . The validity of our approach to calculating photo double ionization spectra has been discussed in detail elsewhere in connection with the TPEsCO spectra of the molecular dications HCl 2+ and DCl 2+ [37, 41] . In that work it was shown that the experimental vibrational spectra include continuum resonances that are supported by the potential, but which lie above the barrier maximum. For a complete calculation of the vibrational structure of a molecular dication one should therefore consider not only levels that lie below the barrier maximum, but also those continuum resonances that lie above the barrier maximum [38, 41] . The widths of such resonances increase rapidly with the energy above the barrier maximum [42] , and it is not clear that they have been observed in the spectra of CO 2+ . Strictly speaking, all vibration-rotation structures of dications with 'volcanic' potential energy curves are resonance states lying in the continuum, and should therefore be evaluated in a scattering treatment. BCONT is a program that is able to evaluate transition intensities to the final states that lie in the continuum, and enables us to make calculations to states that are above the barrier. The continuum eigenfunctions are generated using the Numerov algorithm [43] .
Although they do lie in the continuum, vibration-rotation levels which lie far below the potential energy maxima have extremely narrow linewidths, and BCONT cannot reliably locate the narrowest resonances using only standard double precision arithmetic. To address this problem we used the bound-state program LEVEL which can automatically locate and calculate the widths of tunnelling predissociation levels lying below a barrier maximum. LEVEL uses the Numerov-Cooley [43, 44] algorithm with a special boundary condition to solve the radial Schrödinger equation for quasibound levels. In order to ensure that the two calculations were accurately connected to one another, we always treated at least one intermediate-width resonance level by both methods. The Franck-Condon factor for the transition calculated by LEVEL was normalized to the area under the peak calculated with BCONT, and this normalization factor was then applied to all levels calculated using LEVEL.
Finally, a simulated spectrum was produced by convoluting the calculated peak positions and intensities with a Gaussian function designed to mimic the experimentally observed linewidths (we used a FWHM of 650 cm −1 ). Generally the convolution process is described by the integral:
(see, e.g., [45] ). In our case x(τ ) is the calculated spectrum and y(t − τ ) is a Gaussian function defined on the same grid of energy points as the simulated spectra. This convolution was performed using a separate (FORTRAN) program [46] , a key feature of which is an adaptive step length algorithm that enables us to work with arrays that do not have a constant energy mesh. Such non-uniformity was required when we used BCONT with smaller energy increments to calculate some transitions and amplitudes to the desired accuracy.
Our calculations for CO 2+ yielded the predicted resonance structure above the barrier maxima for some states, but these were in general too broad, and hence too weak to have been observed experimentally. However, in the case of the X 3 state, the above-barrier resonances are predicted to have intensities greater than those of resonances that correspond to the last classically bound levels, as shown in figure 2. Careful inspection of the measured data does not provide any evidence that these above-barrier resonances contribute to the structure in the low-energy part of the spectrum, but given the complexity of the spectrum in this region we cannot be sure that the above-resonance levels do not contribute to the measured spectra.
Franck-Condon Factors give the relative intensities for transitions into the different vibrational levels of a particular electronic state of CO 2+ . It has often been found that the measured intensities in TPEsCO spectra are due to indirect double ionization processes, and hence are not well reproduced by a Franck-Condon calculation using a constant transition moment function. Happily, for the CO 2+ spectra reconsidered in this paper, Franck-Condon intensities appear to reproduce quite satisfactorily the measured relative intensities within a particular electronic state. We can therefore infer that indirect double ionization processes do not make a large contribution to the double ionization spectra of CO recorded by the TPEsCO or TOF-PEPECO techniques. have greater intensity than do the highest bound levels (possibly due to accidental Franck-Condon constructive interference effects); however, this structure has not been discerned in the measured spectra.
In the present calculations we find that the calculated Franck-Condon intensities for transitions from the neutral molecule into different electronic states of the dication differ greatly in magnitude. The large numerical differences are due to the relative displacements of the potentials. We have not attempted to calculate the relative intensities for double ionization into different electronic states. In order to arrive at a simulated spectrum we therefore empirically adjusted the relative intensities of the different electronic bands as is described in detail below.
The final results of our simulations are shown in figures 3 and 4. In order to bring our calculated spectra into coincidence with the experimental measurements, adjustments had to be made to both the intensities and the frequencies.
Calculated and measured energies were brought into agreement with one another by shifting the spectra for cases (a), (b) and (d) to bring the v = 0 peaks for the X 3 state into coincidence with that of the TOF-PEPECO data. The TOF-PEPECO spectrum was chosen as the reference because the measured relative intensities within each electronic state were believed to be fairly close to Franck-Condon intensities on the basis of previous experience [36] , and would therefore be most easily identified by our calculations. As the spectrum around 42 eV is severely congested this region is shown expanded in figure 4 . The broad low maximum in the TPEsCO data around 48 eV arises from the reflection of the ground-state wavefunction of CO in the repulsive wall of the c 1 potential, and is well reproduced in our simulation.
Calculated and measured intensities were brought into broad agreement with one another by separately scaling the intensities of each vibrational progression by a single number to bring the strength of the strongest calculated and measured transition into agreement with one another. The exception to this general scheme was for the three overlapping bands shown in detail in figure 4 . Here the intensity of the X allowance for the contribution of v = 1 of the X 3 state). For the b 1 state the band intensities were normalized to the intensity of the v = 3 peak (the only peak not heavily overlapped in the spectrum). The same resolved experimental peaks were used to determine how much the band origins for each separate electronic state needed to be shifted in the simulation. The final shifts used in the simulations are given in table 8. The resulting agreement between the experimental and theoretical spectra is striking, particularly in the heavily overlapped region. For example, there is a shoulder on a peak around 42 eV which is beautifully reproduced by the simulation.
The absolute double ionization energies for each band, as determined by experiment and in this work, are given in table 8. The energy zero of the calculations is v = 0, J = 0 in the neutral CO ground state. As can be seen, the different experimental measurements are in good agreement with one another. The separations and small details of spectra are well reproduced in each case, so discrepancies arise only from calibration of the absolute photon energies or electron energies. The theoretical double ionization energies calculated in the present work differ from experiment by about 1%. In order to better compare the experimental data with theory, we shifted the spectra for the other cases to align the position of the v = 0 peak of the X figure 3 . This expanded view shows the details of the heavily overlapped spectra arising from photo double ionization to the X 3 , a 1 + and b 1 states of CO 2+ . In order to achieve best agreement with the experimental spectra, the absolute energies of the calculated bands were shifted by the amounts shown in table 8. These shifts are on average only 0.4% of the double ionization energies, amounts which are distinctly smaller than the absolute uncertainties in experiment or theory.
The energy of the a 1 + state relative to the X 3 ground state is accepted as given in [49] , that is, the vibrational sequence begins one quantum lower than was assigned in [48] . This is confirmed both by our calculations and by the TOF-PEPECO spectrum, whose intensities are in better agreement with the Franck-Condon simulations based on the new assignment. The start of the b 1 sequence is easy to distinguish as a peak in the TPEsCO measurements, and as a shoulder in the TOF-PEPECO measurements, and the origin of our final simulation has been adjusted to match.
The calculations for the d 1 + state were particularly interesting. This state has a double-well (possibly triple-well) potential (see figure 1) for which the calculated (and convoluted) photoionization intensities are shown in figure 5. For our calculations of spectra the d 1 + curve was extrapolated to long bond length using an assumed C 1 /R functional form (Coulomb repulsion of two charged fragments), together with an asymptotic dissociation energy of −111.729 50 E H (see also the discussion on linewidths in section 3.2). In order to avoid extrapolating a triple minimum potential it was necessary to omit the last calculated point on the potential curve from the extrapolation; this had no significant effect upon energy levels or Franck-Condon factors, but might affect the tunnelling predissociation linewidths substantially. As can be seen in figure 5 , the photoionization [49] that the vibrational sequence begins one quantum lower than as assigned in [48] . The present analysis confirms the reassignment. b It is suggested in [20] that the measured peak is not v = 0. If we accept the reassignment, then the value here should be 43.826 eV. c The v = 2 level was observed, the position of v = 0 has been calculated by subtracting the observed TPEsCO separation [48] from the v = 2 energy. d The shift given here is that required to bring the Franck-Condon calculated maximum at around 48 eV into coincidence with the continuum maximum in the experimental data.
cross section is a superposition of the cross-sections for transitions to the two inner wells. Noting the logarithmic intensity scale, it is clear that the three states that contribute significantly to the convolution (and are found in the experimental spectrum between 45 and 46 eV) are those in the inner well which gives rise to peaks which are narrower and more intense than those from the outer well. The peak at highest energy does, after convolution, have significant contributions from both inner-well level v = 2 and outer-well level v = 7.
No peaks were assigned to the c 1 state in the experimental work. For our calculations of spectra, as for the d 1 + state, no accurate extrapolation of the potential could be made to long bond length, but we assumed a C 1 /R functional form (Coulomb repulsion of two charged fragments), together with an asymptotic dissociation energy of −111.798 07E H (see also the discussion on linewidths in section 3.2). It was clear from our calculations that the extremely broad peak centred around 48 eV is due to photo fragments arising from excitation to the repulsive wall of the c 1 state; that is, that peak is a reflection of the v = 0 wavefunction of ground-state neutral CO on that repulsive wall. In order to bring our calculated position for the c 1 state into coincidence with the experimental position we shifted the energy of the state by 0.9 eV. With this energy shift the v = 0 of the c 1 state becomes coincident with a weak feature near 44.5 eV in the experimental spectrum; see figure 3 .
We have no doubt that the reflection of the CO neutral ground-state wavefunction in the repulsive wall of the c 1 state is the correct explanation for the broad feature. We have brought our calculated intensity maximum into agreement with experiment by using an energy shift of 0.9 eV as this is consistent with our treatment of the other electronic states. However, the 0.9 eV shift in origin to match theory and experiment seems unreasonably large. We could also have achieved the required energy shift in the maximum in two other ways: (1) by making a small change of the relative bond lengths between the ground state of CO and the repulsive wall of the c 1 state or (2) by using a linear or other non-constant transition moment function; the use of a simple function in BCONT such as µ(R) = aR can readily accommodate such an energy shift. Given these considerations, it is possible, but probably unlikely, that the weak line at 44.5 eV may be due to excitation of v = 0 of the c 1 state, rather than v = 3 of the A 3 + state as originally assigned. In considering the A 3 + band, it is interesting to note that our calculations find that only the v = 0 peak has a measurable Franck-Condon intensity; all other peaks have calculated intensities that vanish at the sensitivity of the measured spectra. It has been suggested that the relative intensities of TOF-PEPECO measurements are extremely well represented by FranckCondon calculations with a constant transition moment function. The clear observation of a vibrational sequence for A 3 + in the TOF-PEPECO measurements contrasts starkly with our calculations using a constant transition moment function. Some of us are undertaking a study of NO 2+ to determine more clearly if the TOF-PEPECO measurements really have intensities that can be well reproduced by Franck-Condon calculations with constant transition moment functions [47] . NO 2+ was chosen because, unlike the present study of CO 2+ , there are very few overlapping band systems to complicate the interpretation.
Conclusions
The calculations presented here show excellent general agreement with the available experimental measurements of photo double ionization spectra. The absolute accuracy of our photo double ionization energies is of order 1%, and the vibrational level separations obtained from our calculations and from experiment are in excellent agreement; the worst agreement is 0.07% (for one transition in the b 1 state). We believe that the potentials reported here provide an excellent basis from which to predict high-resolution spectra that might be observed by other techniques or in astronomical measurements; such calculations will be made soon.
